Upconversion luminescence (UCL) materials have been extensively investigated since the mid-1960s and have found different applications in photonics: solar cell, sensors, detection, solid-state lasers, visualizers, etc. In the last decade, the field of rare-earth (RE) doped upconversion (UC) nanoparticles, powders, and phosphors is rapidly progressing from the fundamental understanding of photoluminescence properties to a lot of applications in medicine and biology [1] [2] [3] . UC properties of RE ions strongly depend on the host. Highly efficient UCL is observed for fluorite-type materials M F 2 :RE (M ¼ Ca, Sr, Ba) [4] [5] [6] [7] [8] [9] because they have low phonon energy (∼366 cm −1 of SrF 2 ) [10] and the tendency to form multiple cluster configurations even when the doping concentration is low [11] [12] [13] [14] . Low phonon energy allows the lifetime of the intermediate levels to be increased. The clustering effect reduces the distance between Er 3þ ions and thereby increases the probability of an energy transfer process between them, which is beneficial for achieving efficient UCL. Er 3þ -doped phosphors are demonstrated efficient UCL upon excitation of different infrared energy levels of Er 3þ ions. At present, a large number of papers are devoted to the study of UCL of Er 3þ -doped fluoride and oxide phosphors upon excitation by laser radiation at about 980 nm [15] [16] [17] [18] [19] [20] [21] [22] . UCL of SrF 2 :Er powders prepared by combustion synthesis ions was demonstrated upon excitation of the 4 I 11∕2 level of Er 3þ ions by Rakov [15] . However, we have not found publications of the mechanisms and absolute quantum yield Φ UC of UCL of SrF 2 :Er phosphors.
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To develop new UC phosphors for the different applications fields, the nature of UC and luminescence efficiency need to be investigated. Thus, our research is focused on a detailed study of the mechanisms of UCL of SrF 2 :Er phosphors upon 972 nm laser diode (LD) excitation. Also, the Er 3þ -concentration dependence of UCL and the absolute photoluminescence quantum yields of SrF 2 :Er were studied.
The SrF 2 :Er (mole fractions of Er 3+ ions are 1.6%, 3.4%, 6.0%, 8.8%, 14.2%, 18.3%, and 21.3%) phosphors were synthesized by using a co-precipitation with the aqueous nitrate solution technique [23] [24] [25] . The initial reagents for the synthesis of fluoride powders were strontium nitrate (99.99% for metallic impurities), erbium nitrate five hydrate (99.99% for metallic impurities) produced by LANHIT (Moscow, Russia), ammonium fluoride, and double distilled water. An erbium and strontium nitrate aqueous solution of 0.08 M ð1 M ¼ 1 mol∕LÞ concentration was added dropwise to a 7% excess of 0.16 M aqueous ammonium fluoride under intense stirring. After precipitation of SrF 2 :Er solid solution the matrix solution was decanted. The obtained powders were dried in air at 45°C (5 h) and annealed in platinum crucibles in air at 600°C (1 h).
The luminescence of the Er 3þ ions excited by an LD at 972 nm was recorded using a Horiba FHR1000 spectrometer. The focused excitation beam diameter on the samples was 712 μm. The incident excitation power was 100 and 250 mW.
The luminescence rise and decay were recorded from 4 [26, 27] . The system consists of the OL IS-670-LED integrating sphere, an OL-770 UV/VIS (Gooch & Housego) spectroradiometer, and a monochromator-spectrograph M833 (Solar LS). The incident excitation power was measured using a UP19K-110F-H9-D0 (Standa) power meter. All measurements were performed at room temperature.
Upon excitation of the 4 (Fig. 1) . The most intense luminescence was observed in the green and red spectral ranges. The same UCL spectra were observed for all SrF 2 :Er samples. The absorption transition, luminescence transitions, and possible UC mechanisms of Er 3þ ions in SrF 2 :Er phosphors are shown in Fig. 2 .
Next, two experimental methods to determine mechanisms of UCL in SrF 2 :Er phosphors were applied. First, excited-state dynamics of SrF 2 :Er phosphors were investigated. Second, we studied the excitation power density (P) dependence of UCL.
From literature it is known that excited-state absorption (ESA), energy transfer UC (ETU), and cooperative processes (CPs) are dominated mechanisms of UCL in Er 3þ -doped materials upon excitation of the 4 I 11∕2 level [15] [16] [17] [18] [19] 21, 22, 28, 29] . We recorded the rise and decay luminescence of Er 3þ ions from 4 4 I 11∕2 level. The ESA process leads to an immediate rise of luminescence within the experimental time resolution and a subsequent fast decay corresponding to the relaxation time of the energy level. In contrast, luminescence originating from ETU and CP has a rise part after pulsed excitation. Also, ETU and CP persist after pulsed excitation much longer than the lifetime of the energy level. The nature of the ETU and CP processes is ion-ion interaction of RE ions. Both ETU and CP can simultaneously be responsible for the UCL in a material. But commonly CPs are less effective than ETU ones by 4-5 orders of magnitude [30] . The rise and decay of luminescence from the 4 F 9∕2 level were detected [ Fig. 3(d) (Fig. 4) . It is well known [31] that the UCL intensity I UC depends on the excitation power density P as I UC ∝ P n , where n is the number of absorbed photons needed for populating the upper energy level of the transition. Pollnau et al. [31] investigated in detail the influence of the types of UC mechanisms on the slopes. Figure 4 shows the log-log dependence of the UCL intensity on the LD excitation power density for the ions. As mentioned above, the rare-earth ions in M F 2 :RE have a pronounced tendency to associate in clusters. At low rare-earth (Er 3þ ) concentrations (on the order of a few hundredths of a percent), oppositely charged point defects R 3þ and F int combine to form dipole pairs [32] . Increasing the rare-earth concentration in the solid solution leads to further defect association and defect clustering [13, 33] . The concentration of clusters increases with increasing the RE concentration and the phenomenon of percolation begins from 6% [23] . As a result of this phenomenon, clusters come to inevitable spatial contact with each other. Thus, superclusters are formed, which reach a micron size. Rare-earth elements are concentrated in these superclusters. Apparently, SrF 2 :Er phosphors at a high concentration are characterized by an increase in the clusters concentration. The presence of ion-ion interaction between Er 3þ ions in neighboring clusters in these samples leads to an increase in probability of the cooperative process.
Next, the influence of the Er 3þ concentration on the UCL intensity in the visible spectral range was studied. 972 3.4%, 6.0%, 8.8%, 14.2%, 18.3%, and 21.3%) .
It follows from Fig. 5(a) that the strongest UCL occurs when the concentration of Er 3þ ions is 14.2 mol. %. Upon further increase of the concentration of Er 3þ ions, the spectral power of the UCL begins to decrease. The ratio of red to green luminescence of Er 3þ ions is the same for all SrF 2 :Er samples.
SrF 2 :Er phosphors could be used as infrared quantum counters, temperature sensors, visualizers of infrared laser radiation, phosphors for light-emitting diodes, and others. To develop UC phosphors for the above application fields, the luminescence efficiency, i.e., photoluminescence quantum yield needs to be investigated. The photoluminescence quantum yield is defined as the number of emitted photons per that of photons absorbed by luminescence materials. We have developed a system (see Section 2) for measuring UC photoluminescence quantum yield based on an absolute method [26, 27] .
The photoluminescence quantum yields of [28, 29] . The results of investigation of the excited-state dynamics and P-dependent UCL of the SrF 2 :Er phosphors show that the probability of CP increases with increasing concentration of Er 3þ ions. CP depopulates the 4 I 11∕2 level and populates the visible levels of the Er 3þ ions. Thus, with an increasing concentration up to 14.2%, CP leads to a decrease in the mid-infrared quenching pathway of the UCL of SrF 2 :Er and thereby increases the photoluminescence quantum yield. Reducing the quantum yield and intensity of the UCL of SrF 2 :Er upon further increasing the concentration of Er 3þ ions is explained by concentration quenching.
Increasing the power density leads to enhancing the UC quantum yield of SrF 2 :Er because the probability of the UC processes also increases.
The chromaticity of the SrF 2 :Er phosphors was calculated by use of the Commission International de l'Eclairage (CIE) chromaticity coordinates (x, y) and the results are presented in Fig. 5(b) 
